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FOREWORD

This volume, which is one of a set of nine volumes, describes in part

the studies, analyses, and results that were accomplished under Contract

NAS 8-5371, Mission Oriented Advanced Nuclear System Parameters Study,

for George C. Marshall Space Flight Center, Huntsville, Alabama. This

work was performed during the period from April 1963 to March 1965 and

covers Phases I, II, andIII of the subject contract.

This final report has been organized into nine separate volumes on the

basis of contractual requirements and to provide a useful and manageable

set of documents. The volumes in this set are:

Volume I

Volume II

Volume III

Volume IV

--_ Volume V

Volume VI

Volume VII

Volume VIII

-_ Volume IX

Summary Technical Report

Detailed Technical Report; Mission and Vehicle Analysis

Parametric Mission Performance Data

Detailed Technical Report; Nuclear Rocket Engine

Analysis

Nuclear Rocket Engine Analysis Results

Research and Technology Implications Report

Computer Program Documentation; Mission Optimization

Program; Planetary Stopover and Swingby Missbns

Computer Program Documentation; Mission Optimization

Program; Planetary Flyby Mission

Computer Program Documentation; Nuclear Rocket

Engine Optimization Program

Volumes I, II, and IV include the details of the study approach and basic

guidelines, the analytic techniques developed, the analyses performed, the

results obtained and an evaluation of these results together with specific con-

clusions and recommendations. Volumes III and V contain parametric mission,

vehicle, and engine data and results primarily in graphical folm. These data

present the interrelationships existing among the parameters that define the

mission, vehicle, and engine. Volume VI delineates those areas of research

and technology wherein further efforts would be desirable based on the results

of the study. Volumes VII through IX describe the computer programs developed
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and utilized during the study and present instructions and test cases to enable

operation of the programs.
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acknolwedged: Mr. R. Z. Sohn, TRW Space Technology Laboratories; Mr.
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Astronuclear Laboratory; Mr. F. Smith, Lockheed Missile and Space Division;

and the members of the NASA Technical Direction Committee, Mr. W. Y.

Jordan, Jr., chairman, and Messrs. R. H. Cavicchi, R. J. Harris, P. G.

Johnson, W. Z. Kirk, F. R. Nixon, C. Nevins, M. A. Page, and D. R. Saxton.
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ABSTRACT

The results obtained from a comprehensive, parametric lunar and

interplanetary mission analysis are presented. The results are primarily

presented as the minimum gross vehicle weight in earth orbit vs various

missions, vehicle configuration, or propulsion system performance

parameters. These results were generated by over Z0,000 mission

simulations performed on the IBM 7094; the optimum trajectory and

vehicle were determined for each simulation. The definitions, scaling

laws, constraints, and criteria used in these computations are given.
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I. INTRODUCTION

This final report volume presents the mission and vehicle parametric
data generated during phases I, II, and III of the Mission Oriented Advanced

Nuclear System Parameters Study performed by TRW-STL for the George C.
Marshall Space Flight Center. These data exhibit the interrelationships exist-

ing among the parameters that define the mission, the vehicle configuration,

and the propulsion system performance. A companion volume, Volume V,

contains similar data relating the engine design parameters to the engine per-

formance, i. e. , the engine weight, specific impulse, and thrust.

The data in this volume are presented in various forms and cross plots in

order to provide information of maximum utility to the reader. Included are

tabular data, multiplotted line graphs and bar graphs. For the most part, these

data consist of the minimum initial vehicle weight in earth orbit required to
perform a specified interplanetary mission expressed as a function of one or more

mission, vehicle, or performance variables.

These data were obtained by computing or evaluating the mission with one
of the following three IBM 7094 mission evaluation programs which were

developed during the course of this study. Detailed descriptions of tl_ese pro-

grams are contained in Volumes II, VII, and VIII of this set of final reports.

FLyby Optimization Program (FLOP)

Stopover Mission Optimation Program (SMOP)
SWingby Optimization Program (SWOP)

These computer programs determine the optimum trajectory required for
specified mission, vehicle, and performance criteria and compute the corre -

sponding initial vehicle gross weight in earth orbit as well as a variety of stage,

step, and expendable spacecraft weights. This information is printed out on a

three-page format which is shown on pages I-2, I-3, and I-4 for a typical Mars
stopover mission.

Approximately, twenty thousand individual lunar transfer, planetary flyby,

and planetary stopover missions were simulated and the minimum vehicle weight
requirements computed with these programs. The resulting data from these

mission runs have been manually reduced, graphed, and cross plotted in order

to present sets of parametric data which would be comprehensive enough to be
useful but at the same time concise enough to be managable and capable of inter-

l-1
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pretation. A vast amount of the computed data obtained, other than the

initial vehicle weights, have not been reduced or graphed. But all of the

computer printouts have been retained and catalogued for possible future use.

The data contained in this volume will permit the reader to determine and

compare the overall vehicle weight requirements and vehicle weight sensitivity

for lunar, Mars, and Venus missions; one way transfer, flyby, stopover, and

stopover-swingby mission modes; and variations in nuclear, chemical cryogenic,

and storable propulsion systems together with variations in planetary aerodynamic

braking capabilities. Since the interpretation and significance of data of this

nature are heavily dependent upon the mission and vehicle criteria initially

assumed, all of the definitions, criteria, scaling laws, payloads, and constraints

that were used in the mission computations are clearly specified.

SCOPE OF DATA

The remainder of this volume is divided into four chapters.

each chapter is given below.

A summary of

Chapter II Definitions, Scaling Laws, and Constraints

This chapter contains those basic assumptions, scaling laws, constraints,

etc. , that were used in deriving the data presented in Chapters III, IV, and V.

Any exceptions to these basic values are noted either at the beginning of each

chapter or on whatever data sheet the exception occurs.

Chapter III Nuclear Engine Variation Analysis

This chapter contains data that relate the minimum required initial vehicle

weight and maximum engine firing time to the thrust level of the nuclear engines

used in the vehicle and to the number of nuclear engines employed in a clustered

arrangement in the leave earth stage. In all cases the nuclear engine specific

impulse was held constant. Several combinations of propulsive system types,

operational modes, and earth aerodynamic braking capabilities are analyzed

for planetary stopover and flyby missions and lunar transfer missions. Three

mission years and two trajectory types are also investigated. Summary charts

are presented at the end of this chapter to permit rapid assessment and evaluation

of the parametric variations.

I-5
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Chapter IV Vehicle Sensitivity Analysis

This chapter contains the data that relate the sensitivity of the initial vehicle

weight to changes in mission, vehicle, and performance parameters. Both Mars

stopover and lunar transfer missions are analyzed for various time periods,

clusters of nuclear engines, and Mars and earth braking systems and capabilities.

Parameters that are varied include thrust, specific impulse, payloads, tank

weights, stopover time, engine weight, and cryogenic storage insulation parameters.

Chapter V Supplementary Mission Matrix Analysis

This chapter contains the data that comprehensively relate the initial vehicle

weight requirements for a stopover mission to variations in planet destination,

mission year, propulsive system types including nuclear, chemical cryogenic,

and liquid storable, and aerodynamic braking modes at Mars and earth. Also

varied parametrically throughout this matrix of cases are the scaling laws used

for computing the propellant tank weights. Other system and performance

variations include the storable propellant specific impulse, arrive Mars engine

thrust, and Venus swingby trajectories.

I-6
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II. DEFINITIONS, SCALING LAWS, AND CONSTRAINTS

This chapter contains the basic definitions, scaling laws, and constraints

used in the mission computations which were made to derive the data presented
in subsequent chapters III, IV, and V. Any exceptions to these basic values

or additional explanations are noted either at the beginning of each chapter or
on whatever data sheet the exception occurs.

DEFINITIONS

The following define the terms and nomenclature that are used to express
the mission, vehicle, and performance parameters, criteria, and constraints.

Minimum Initial Vehicle Weight in Earth Orbit

The minimum vehicle weight in earth orbit is the minimum gross spacecraft

weight that is required to perform a specified mission for specified vehicle,

payload, and performance constraints. This weight corresponds to the overall

vehicle weight at the point just prior to boost out of earth parking orbit. The

vehicle weight in all cases is computed on the IBM 7094 using trajectory

characteristics that are optimum for the selected constraints, i.e. , the particular

launch dates and trip times used (with the corresponding characteristic velocities

and perihelion distance) produce the minimum overall vehicle weight.

Engine Clustering

Engine clustering is the simultaneous use of two or more identical nuclear

engines on a single stage in order to increase the gross effective thrust and

thereby reduce the gravity losses. The number of engines used in a given cluster

is designated by a "C" on the data sheets, e. g. , CI, a single engine, C2, two

engines, etc. Unless specifically stated nuclear engine clustering was employed

only for the depart earth stage.

Gravity Losses

The initial vehicle weight data presented in this volume are based on calcula-

tions for the propellant weight in which the velocity losses due to operation in a

gravity field are taken into account in an exact manner. For vehicles employing

nuclear propulsion stages, these losses are based on the required velocity change,

the engine specific impulse, and the vehicle thrust-to-weight ratio obtained from

the computed vehicle weight and the specified engine thrust.

I1-1
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For vehicles employing chemical propulsion systems, the characteristic

velocity is obtained by increasing the required impulsive velocity change by a

fixed percentage. The percentage values used are shown in the following schedule.

Propulsion Phase

Depart Earth

Arrive Planet

Depart Planet

Depart Planet

Arrive Earth Retro

Arrive Earth Retro

Propulsion Mode

Cryogenic (LO2/LH2)

Cryogenic (LOzlLH2)

Cryogenic (LO 2/LH z)

Stor able

Cryogenic (LOz/LH2)

Storable

Percentage Increase

2.3%

o%

1%

1%

o%

o%

Optimum Insulation for Cryogenic Propellant Storage

The initial vehicle weight data presented in this volume includes the weight

of the propellant insulation and vaporized propellant. These are determined in an

optimum manner which results in the minimum initial vehicle weight require-

ments. The optimization procedure considers the length of storage time and the

various propulsive velocity changes that each cryogenic stage undergoes. The

propellant heat of vaporization, temperature difference across the insulation,

and insulation density and thermal conductivity are specified input values.

Stopover Mission

A typical stopover mission is shown on page II-3 deplct_ng the major opera-

tional phases that occur during the mission. The figure on Page II-4 shows a

typical stopover mission trajectory and the points along this trajectory at which

major velocity and vehicle weight changes occur. Additional vehicle weight

requirements are computed for life support expendables, propellant boiloff,

and attitude control; if an aerodynamic braking mode is employed at the target

planet (Mars or Venus), a propulsive velocity change is used for circularizing

or adjusting the resulting orbit. The earth braking propulsive retro can be

eliminated by input option and an all aerodynamic earth braking mode employed

if desired.

stopover Mission Trajectory Type

The vehicle weight data for stopover missions are computed for two types

of trajectories, type IB and type IIB. The "B" designates an inbound trajectory

leg where the heliocentric angle transversed is greater than 180 ° and less than

II-2
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360o: the "I" designates an outbound trajectory leg where 180 °-_ @ _ 360o;

the "II" designates an outbound trajectory leg where 0 °_ @ -- 180 ° . The total

trip time for a type IB mission is characteristically between 500 and 550 days;

for type IIB between 400 and 450 days.

Swingby Mission

A swingby mission is essentially the same as a Mars stopover mission,

except the trajectory is constrained to pass in the vicinity of the planet Venus

either during the outbound or inbound leg. The vehicle, therefore, performs

a hyperbolic turn about Venus. For the swingby mission, a third midcourse

correction propulsive maneuver is included in the vehicle weight calculations.

Flyby Mission

Characteristically, the vehicle weight computations forthe flyby mission

are identical to those of the stopover mission except the vehicle does not go into

orbit at Mars. Thus, the two velocity changes at the target planet are eliminated,

i. e. , the arrive planet braking and leave planet boost phases.

Lunar Transfer Mission

A typical lunar transfer mission consists of the following major phases:

boost out of earth parking orbit, propulsive midcourse velocity correction,

and a propulsive retro into a lunar orbit. Additional vehicle weight require-

ments are computed for life support expendables, propellant boiloff, and attitude

control.

Stopover Mission Nomenclature

An abbreviated nomenclature is used throughout this volume to express

the major propulsive and braking modes employed in the vehicle for stopover

missions. This nomenclature consists of four terms, e.g. , N-A-N-C(15}.

The first term designates the depart earth phase; the second, the arrive planet

phase; the third, the depart planet phase; and the fourth, the arrive earth phase.

The abbreviations used for these terms are defined as follows:

N - Nuclear propulsion

NA - Nuclear propulsion, aftercooled

C - Chemical propulsion, cryogenic, LOz/LH 2

II-5
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S - Chemical propulsion, liquid storable

A - Aerodynamic braking
C (No.) or S(No.) - Cryogenic or storable retro braking stage which

reduces the vehicle arrival velocity to the number indicated (kin per

sec). After jettisoning the empty retro stage, the vehicle continues

its braking and descent phase aerodynamically. When a "P" is used
within the brackets in lieu of a number, the vehicle is retro braked

to parabolic or escape velocity.

SCALING LAWS

This section lists the scaling laws which were used to compute various

vehicle stage and system weights. These relationships were used in deriving

the data in Chapters III, IV, and V unless noted otherwise.

Tank Weight and Area Scaling Laws

The scaling laws used to relate the weight and area of the propellant tanks

to the total useable propellant weight and trip time are given below for various

propellants and mission phases. Also included are the primary assumptions

used in formulating these equations. A detailed discussion of the synthesis

and derivation of these equations is contained within Volume II, Detailed

Technical Report, Mission and Vehicle Analysis.

Primary Assumptions

Except for the depart earth phase, all equations for cryogenic propellant

tanks do not contain the weight provisions required for tank insulation.

All equations include the weight provisions required for micrometeoroid

protection.

The equations for the depart earth phase contain tank insulation and micro-

meteoroid weight provisions sufficient for 90 days.

The equations for hydrogen propellant tanks do not include the nuclear engine

weight, the engine shielding, or the thrust structure.

The equations for all chemical propellant tanks (non-nuclear) include the

required engine weight. The engine, structure, and accessories have been

sized to maintain a constant thrust-to-initial stage weight ratio of approxi-

mately 0. 7.

I1-6
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The following define the nomenclature used in the scaling law equations:

W
p max

The maximum usable propellant capacity for a single

tank module (ibs)

W °

J
- Final tank or stage jettison weight; total empty stage

weight including propellant residuals (ibs)

W
P

T

A t

A t
OX

Atf

- Usable propellant weight (Ibs)

- Total time exposed to micrometeroids (days)

- Propellant tank surface area (ftZ)

- Oxidizer tank surface area (ftZ)

Fuel tank surface area (ftZ)

Depart Earth Stage

Propellant - LH Z

Tank Diam. - 33 ft

W - 342, 540 ibs
p max

W. = 0.1644 W + 6420
J P

Depart Earth Stage

Propellant - LOz/LH Z

Tank Diam. - 33 ft. (common bulkhead)

W - 1, 540,000 lbs
p max

W. = 0.0485 W + 18, 564
J P

Arrive Planet and Depart Planet Stage

Propellant - LH 2

Tank Diam. - 33 ft.

W - 342, 540 ibs
p max

W. = 0.12 W + 0. 01492 T I/3
J P

(0.02577W
P

+ 493)4/3 + 8368

A t = 0.0Z9Z W + 1003P
I1-7
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Arrive Planet and Depart Planet Stage

Propellant - LO2/LH 2

Tank Diam - 21.67 ft (common bulkhead)

W - 700,000 lbs
p max

W.= 0.0469 W + 0. 01492 T1/3(0.01021 W
J P P

A t = 0.0023 W - 74
ox P

Atf + 594= 0. 00774 Wp

- 104) 4/3 + 11,904

Depart Planet Stage

Propellant - N204/A-50

Tank Diam. 21. 67 ft. (separate tandem tanks)

W 800,000 lbs
p max

W. = 0.0284 W + 0.01492 T 113" (0.0027 W + 1374) 4]3 + 12,646
J P P

Arrive Earth Retro Stage

Propellant - LO2/LH 2

Tank Diam. - 21. 67 ft (internal tanks)

W - 150,000 Ibs
p max

W.= 0.0855 W + 0. 01492 Ti/3(0.0186 W
J P P

A t = 0.00656 W + 210P
OX

Atf + 301= 0.0198 Wp

+ 972)4/3+ 2865

Arrive Earth Retro Stage

Propellant - N204/A-50

Tank Diam. - 21. 67 ft (internal tanks)

W - 150,000 lbs
p max

W. = 0.0427 W + 0.01492 Tl/3(0." 00595 W
J P P

+ 505) 1/3 + 3094

I1-8
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Outbound Leg Midcourse Correction and Planet Capture Orbit Circularizing
Stage

Propellant - NzO4/A-50

Tank Diam. - 21. 67 ft (internal tanks)

W - i00,000 ibs
p max

W. = 0.1154 W + 0.0259 T I/3" (0. 00656 W
3 P P

+ 489) 4/3 + 1190

Inbound Leg Midcourse Correction Stage

Propellant - NzO4/A-50

Tank Diam. - 21. 67 ft (internal tanks)

W - 25,000 ibs
p max

W. -- 0.0665 W + 937
3 P

The above jettison weight equations are graphically presented on pages

II-10 to II-15.

Aerodynamic Braking Scaling Laws

The scaling laws used to compute the weight of the expandable structure,

insulation, and ablative material required to aerodynamically brake the space-

craft are given below for the arrive earth and arrive Mars mission phases.

Earth Aerodynamic Braking - The gross vehicle weight (including payload)

or re-entry module weight required for earth aerodynamic braking is given

by the following equations for several recovered or payload weights.

W R = 7000 lbs

Z
WER M = 36.92 VAE - 767.9 VAE + 14,162

W R = i0,000 ibs

Z

WER M = 46. 71 VAE -1043. 3 VAE + 20,12Z

W R = 15,000 lb

2

WER M = 55. 82 VAE - 1237. 7 VAE + 27, 384

W R = ZO, 000 Ibs

2

WER M = 55. 83 VAE - 1164.6 VAE + 32,480

I1-9
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where:

W R - Recovered or useable payload weight after earth

entry (ibs)

WER M - Gross vehicle weight or earth re-entry module

weight (ibs)

VAE - Vehicle arrival velocity with respect to a non-

rotating earth at an altitude of I00 km (km/sec}

Graphs of these scaling law equations are shown on page II -17.

Mars Aerodynamic Braking - The ratio of the heat shield weight to gross

vehicle weight required for Mars aerodynamic braking is given by the

following equation. The heat shield weight includes all expendable or

jettisonable ablative material, structure,

W S

WAM
- K (0. 001385 VAM 2 + 0. 183)

where:

and insulation.

W S - Heat shield weight (lbs)

WAM - Gross vehicle weight arriving at Mar.s (lbs)

VAM - Vehicle arrival velocity with respect to Mars

at an altitude of 167 km (km/sec)

K - Arbitrary constant used to vary scaling law

parametrically. A value of K = 1 is used unless

specifically noted.

Graphs of this equation are shown on page 11-18.

Solar Flare Shielding Scaling Laws

The scaling laws used to compute the weight of the solar flare shield as a

_.kkJ Wfunction of the mission year and perxne,l"' 1.on _iscance are _uw_ . _,1_o_

equations were used only for the vehicle weight computations for stopover

missions. The solar flare shield weight for flyby missions is assumed con-

stant and is included as part of the mission module weight. Graphs of these

equations are shown on page I1-19.
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Active Solar Flare Activity

2615

W S = 12,672 + r - 0. 27165
P

Intermediate Solar Flare Activity

1315

W S = 14, 463 + r - 0. 27085
P

Quiet Solar Flare Activity

0.01

W S = 16 266 +' r -0.3
P

The years 1980, 1982, and 1990 were considered as active years, the years

1978, 1984, and 1988 as intermediate years; and 1975 and 1986 as quiet years.

Nuclear Engine Weight Scaling Laws

The weights of the nuclear engines used in the computations of vehicle

weights are shown in the table below and in the graph on page II-21 as a

function of the thrust per engine and number of clustered engines.

Thrust - Ibs

[No Engines Clustered_------"-----.___,

Single

2

3

4

5

7

NUCLEAR ENGINE WEIGHT - LBS

50,000, i i00,00015,,000 18,300

31, 560 ] 39,256
I

50, 550 I 63,075
4

72,800 I 91,200
w

34, 400 168,700

200,000

31, 000

64, 780

10Z, 225

144, 600

264,,075

z3o, oo6

34,_00

71,200

111,900

157,600

200,000

300,000

40,800

84, 400

131,820

184, 900

f-

335,860

400,000

48,800

100,400

155,850

217, 500

394,100

500,000

56,000

114,800

177,450

246,600

446,250
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NUCLEAR ENGINE WEIGHT
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These engine weights include the weight of the reactor, pressure vessel,

nozzle, shielding, reflector, feed system, thrust structure, and auxiliary

engine components.

MISSION AND VEHICLE CRITERIA

This section lists the basic parameter values and constraints used to

define the mission, trajectory, vehicle system configuration, and the vehicle's

performance. These criteria are presented for the three types of missions

considered; the stopover, flyby, and lunar transfer mission.

Stopover Mission Criteria

Earth recovered payload: i0,000 Ibs

Basic mission module (8 man): 68,700 ibs (plus solar flare shield)

Mars lander: 80,000 ibs

Mars orbit return module: 1500 ibs

Life support expendables: 50 ibs/day

Earth orbit altitude: 500 km

Mars orbit altitude: 600 km

Venus orbit altitude: 600 km

Stopover time: 20 days

Nuclear I : 800 sec
sp

Cryogenic Chemocal (LOz/LH 2) Isp: 440 sec

Storable Chemical I : 330 sec
sp

Midcourse correction: 100 m/sec each leg storable propellant

Circularizing velocity after aerodynamic braking at Mars: 130 m/sec

storable propellant

Attitude control weight provision: 1% of vehicle weight during each ieg

0. Z% of vehicle weight during capture orbit

1XT,,r-lo_- _,ng'in_ _ff,:::,_r'nnl_d fn 1(I -5 nf f. ll r',r,,.'_.o_
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Flyby Mission Criteria

Earth recovered payload:

Mission module (3 man):

Planet probe: i0,000

Life support expendables: 40 ibs/day

Earth orbit altitude: 500 km

Planet passage altitude: Mars i000 km (R d

8500 Ibs

65,000 ibs (including solar flare shield)

Nuclear I : 800 sec
sp

Venus i000 km (R d

Cryogenic chemical (LOz/LH Z) Isp:

Storable chemical I : 330 sec
sp

440 sec

Midcourse correction :

Attitude control weight provision:

=1.31

= 1.16)

200 m/sec outbound leg

300 m/sec inbound leg

storable propellant

l_/0of vehicle weight during each leg

Lunar Transfer Mission Criteria

Payload delivered to i00 nm lunar orbit: i00,000 to 400,000 ib

Earth orbit altitude: 500 km

Nuclear I : 800 sec
sp

Cryogenic chemical (LO2/LH 2) Isp: 440 sec

Storable chemical I : 330 sec
sp

Midcourse correction: 30 m/sec storable propellant

Attitude control weight provision: 1% of vehicIe weight during transfer

Transfer time: 70 hrs

I1-23
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III NUCLEAR ENGINE THRUST VARIATION ANALYSIS

The data presented in this chapter was derived for the purpose of determining

the sensitivity of the initial vehicle weight and engine firing time to changes in

nuclear engine size, i.e., engine thrust or power. A comprehensive matrix

of missions was investigated in which the mission type, mission year, trajectory

type, payload, number of engines, and propulsive modes were varied in addition

to the nuclear engine thrust.

In all cases, the engine weight varies with thrust as indicated by the scaling

law presented in the previous chapter. A constant nuclear specific impulse of

800 sec is used.

Three classes of missions were analyzed; a stopover mission, a flyby

mission, and a lunar transfer mission. The results of the stopover mission

analyses are presented in Section IIA and IIB; the results of the flyby and lunar

missions in Section IIC; and Section IID contains summary graphs. The matrix

of missions is shown at the beginning of each section together with an explanation

of the graphs that are presented.
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IIIA STOPOVER MISSION

The matrix of cases investigated for the stopover mission is shown in

the table on page III-3.. In these analyses, all nuclear engines used in a

given vehicle have the same thrust level, e.g., if an NNN type mission

utilized a cluster of 100,000 lb thrust engines for the depart earth stage,

then the nuclear engines for the arrive Mars and depart Mars stages would

also have 100,000 lb thrust.

The graphs of the data for this set of missions are presented on pages III-4

to III-69, The initial vehicle weight in earth orbit and the maximum firing

time of any nuclear engine used in the vehicle is plotted as a function of the

nuclear engine thrust per engine. Also shown is the manner in which the initial

vehicle weight and maximum firing time varies as a function of the number of

engines in the leave earth stage.

The graphs are first separated into three sections by the propulsive mode:

first, the NNN mode; second, the NNAN mode; and last, the NNC mode. The

graphs within each of these sections is then presented by year and trajectory

type. And finally, for each year and trajectory type, the arrive earth mode is

varied.
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FOREWORD

This volume, which as one of a set of nine volumes, describes in part

the studies, analyses, a_'._dr_:sttltsthat were accomplished under Contract

NAS 8-5371, Mission Oriented Advanced Nuclear System Parameters Study,

for C_eorge: C. Marshall Space Flight Center, I-{untsville, Alabama, This

work was performed during the period from April 1963 to March 1965 and

covers Phases I, If, and Ill of the subject contract,

This final report has been organized into nine separate volumes on the

basis of cont_'actual requirelrtents and to provide a useful and manageable

set of documents. The voLu_ues in this set at'e:

Volum_ I Summary Technics[ P,c,[)ort

Volume, II Detailed Technical Report; Mission and Vehicle Analys:

Volume Ill Parametric Mission Performance Data

Volume IV Detailed Technical Report; Nuclear Rocket Engine

Analysis

Volume V Nuclear Rocket Engine Analysis Results

Volume VI Research and Technology Implications Report

Volume VII Computer Program Documentation; Mission Optlmlzatl,

: Program; Planetary Stopover and Sw_ngb7 Missions

Volume VIII Computer Program Documentation; Mission Optimizatl

Programl Planetary Flyby Mission

Volume IX Computer Program Documentation; Nuclear Rocket

Engine Optimization Program

Volumes I, II, and' IV' include the details of the study approach and basic

guide;lines, the.analytic techniques developed, the analyses pe_'[orme.d, the

results obtained and an evaluation of these results together with speciflc co,,-

clusions and reconr,_%endations. Volumes IIl and V contain paranaetric mission,

vehicle, at_d engine data and results primarily in graphical _orm, Thes_ data

present the interrelationships existing among the parameters that de£in_ the

missiou, vehicle, and engin_. Volume VI delineates those ar_as of _esoarch

aud tecM:_olo_y wherein further (._ff'ortswould be dt,sirable based on the results

of thc_ _,t.u,ly.'Volutnes VII through IX dcscribe the: compttter pro_ran%s d_.velope

iii
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III B. CONSTANT THRUST UPPER STAGES

An additional set of Mars stopover missions were analyzed in which the

thrust of the nuclear engines used in the upper stages, i. e. , the arrive and
depart Mars stages, were held at a constant value, either 50,000 Ibs or

i00,000 ibs, while the depart earth nuclear engine thrust was varied. As
is indicated in the table on page III-71, this matrix of missions includes other

parameter variations similar to those in Section IliA.

The graphs of the data for this set of missions are presented on pages
III-72 to III-86. These data are plotted in an identical form at as in Section

IIIA except that the maximum firing time is not shown.

The graphs are first separated into two sectinns by the upper stage

thrust: first, the 50,000-1b thrust engine; and last, the i00,000-1b thrust

engine. The graphs within these two sections are then presented by year and

finally, for each year, the arrive earth mode is varied.
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MARS 1978 TYPE IIB STOPOVER
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MARS 1982 TYPE liB STOPOVER
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III C. FLYBY AND LUNAR TRANSFER MISSIONS

The matrix of cases investigated for the flyby mission is shown in the

table on page III-88. The graphs of the data for the flyby mission are

presented on pages III-90 to III-98 and the data are plotted in an identical

format as in Section IIIA. The graphs are separated into three sections

by planet and year: first, the Mars - 1978 mission; second, the Mars -

1980 mission; and last, the Venus - 1980 mission.

The matrix of cases for the lunar transfer mission is shown in the table

on page III-89. The graphs of the data are presented on pages III-99 to

III-102 and the data are plotted in an identical format as in Section III A.

The graphs are separated into two sections by the type of lunar braking mode:

first, the LO2/LH 2 propellant; and last, the storable propellant. Only data

for the apogee transfer is shown. The initial vehicle weights for the mean

and perigee transfer missinn are approximately one percent and two percent

less respectively, than the indicated weights for the apogee transfer.
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Earth Depart - Nuclear Propulsion

Earth Braking - All Aero

1.5

o

0

- 1.5

_ ,1.0

_D

o

- 0

I

l

l
l

i\ \
i\ \
\\ \

\\ \\

\

\
J

f

_2

O1

1 2 3

THRUST PER ENGINE, 105 LB

II1-90



8423 -6007 -_,..w_ 000
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IIl D. SUMMARY GRAPHS

In order to present the preceding data in a more concise form for evalua-

tion and interpretation purposes, selected data has been abstracted from

Sections IIIA and IIIC and crossplotted and summarized. These resulting

graphs, presented in this section, permit the comparison of the operational

modes and mission years considered and the determination of the regions of

optimum thrusts for the various mission types, modes, years, firing time

constraints, propellants, payloads, and clustering arrangements.

The first set of four graphs {pages III-105 - III-108) shows the comparison

of the stopover mission vehicle weight requirements for various mission

modes and years, and engine, vehicle, and performance variables. These

graphs were constructed by selecting from the applicable graphs in Section

IIIA, the minimum initial vehicle weight consistent with a maximum nuclear

engine firing time of one-half hour. The first graph (page III-105) compares

the three basic combinations of arrive Mars and leave Mars propulsive modes

for an all aerodynamic earth braking capability for each of the years 1978,

1982, and 1986.

The second graph(page Ill-106) compares the three basic modes and the

three mission years for an assumed earth braking stage which utilizes a

propulsive retro to decelerate the vehicle to 15 km per sec, after which aero-

dynamic braking is employed for the remainder of the re-entry phase.

Contrasted are the initial vehicle weight requirements for a retro which

employs either cryogenic (LO2/LH2) or storable propellants. Since the

vehicle arrives at earth with an optimum velocity of less than 15 km per

sec in the year 1986, no retro is required.

The next graph onpage III-107is similar to the preceding graph with

the exception that the earth retro stage is employed to decelerate the

vehicle to parabolic velocity.

The last graph(page Ill-108} of this series of graphs repeats the com-

parisons from the three previous graphs for the all nuclear (non-aftercooled)

mode (NNN). Three modes of earth braking are shown, all aerodynamic,

and two modes in which a cryogenic retro is employed to decelerate the

vehicle after which the vehicle re-enters the earth's atmosphere aero-

dynamically.
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The final series of graphs summarizes the relationships that exist

between the initial vehicle requirements and the nuclear engine thrust for

the stopover, flyby, and lunar transfer mission. The minimum initial

vehicle weight has been plotted as a function of the thrust per engine. The

discontinuities in the curves occur when an engine firing time of 1800 sec

is attained and an additional nuclear engine is employed in a clustered

arrangement for the depart earth stage to reduce the firing time. As the

engine thrust is diminished further and further the firing times for the arrive

Mars and depart Mars stages increase until the 1800 second limitation is

exceeded and the curves are then drawn in dashed lines.

The first four graphs of this series (pages III-109 to III-112) are for

the Mars stopover mission and utilize the data from Section IIIA. The

first graph shows the vehicle weight requirements for the year 1978 in

which a cryogenic retro is employed to decelerate the vehicle to 15 km per

sec at earth arrival. The second graph is for the year 1982 and the third

extends the comparison of nuclear engine thrust requirements to 1986 and

an all aerodynamic earth braking mode. The fourth graph of this series

(page III-112) repeats the data from the three previous graphs for the all

nuclear or NNN mode only.

The last two graphs of this series utilize data from Section IIIC for the

flyby and lunar transfer missions. The graph on pageIII-113 is for Venus

and Mars flyby missions for the year 1980. The results for Mars 1978 are

practically identical to those of Mars 1980 for this class (low energy) flyby

missions. The graph on pageIII-114 is for the lunar transfer mission for

payloads ranging from 100,000 to 400,000 pounds delivered into lunar orbit.
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IV. VEHICL, E SENSITIVITY ANALYSIS

The results obtained in determining the sensitivity of the initial vehicle

weight to changes in mission, vehicle, and engine performance parameters

are given in this chapter. For these investigations a nuclear engine thrust

of 230, 000 pounds was assumed as nominal. This thrust level was selected

as a "compromise" value on the basis of evaluations and interpretations of

the data in Chapter Ill.

Both Mars stopover missions and lunar transfer missions were included

in this sensitivity analysis. The major matrix of variations of mission

destination, time period, and propulsive modes is shown below.

SENSITIVITY ANALYSIS MISSION MATRIX

MARS STOPOVER MISSION

Opposition years - 1978, 1982,

Trajectory type - lIB

Depart earth stage -

Arrive Mars stage -

Depart Mars stage -

Arrive earth stage -

and 1986

Nuclear (l to 5 engines)

Nuclear

Nuclear

Aero

Cryogenic retro to 18 km per sec {LOg/LHg)

Cryogenic retro to 15 km per sec (LO2/LHg)

Cryogenic retro to parabolic velocity (LOz/LHz)

LUNAR TRANSFER MISSION

Trajectory type - Mean transfer (70 hr)

Depart earth stage - Nuclear (single engine)

Arrive moon - Cryogenic retro (LO2/LH2)

Storable retro

Payload - 100,000 to 400,000 lbs

For each combination within this matrix of missions, years, and modes,

specific mission, vehicle, and engine performance parameters were varied

over a range of values. Most of these parameter variations were performed

successively, i.e. , all other parameters were held constant at their nominal

values as each parameter was varied singly. Two exceptions to this were for

the combination of thrust and specific impulse, and thrust and mission module
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weight; analyses were made over square matrices composed of these two sets of

parameters.

The parameters varied in the sensitivity analysis are given below together

with their range and nominal value.

Parameter Range Nominal Value

Thrust

Specific impulse

Mars entry module

Mars mission module

Earth recovered payload

Engine weight

*Engi'ne clustering penalty

Tank weight

Stopover time i0 to 40 days

Cryogenic insulation density 1 to 7 Ib/ft 3

'-5
Cryogenic insulation 1 x i0 to 7 x I0
thermal conductivity BTU/hr ft°R

150,000 to 400,000 lbs

700 to 900 sec

60,000 to 100,000 lbs

60,000 to 110,000 lbs

7,000 to 20,000 lbs

-30 to + 30 %

-1 0 to + 30 %

-15,000 to + 15,000 lb per tank

-5

230,000 ibs

800 sec

80,000 ibs

85,000 ibs

i0,000 ibs

34,200 lbs (0%)

0 ib

20 days

3 Ib/ft 3

7 x 10 -5 BTU/hr ft°R

'gSee equation on data graph for definition

The propellant tank weight has been varied over the range specified in

three different ways. First, only the depart earth tank weights were varied;

second, the arrive Mars and depart Mars tank weights were varied while the

depart earth tank weights were maintained at their nominal values; and third,

all tank weights were varied, i.e., the depart earth, arrive Mars, and

depart Mars tanks.

The graphs of the sensitivity analysis data present the initial vehicle weight

as a function of the variable parameter. In some cases the maximum engine

firing time is also shown. This chapter is divided into six sections for ease of

of indexing: the first five sections cover the matrix of cases just outlined;

the last section presents data for a mode which utilizes aerodynamic braking

at Mar s.
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The data in the last section relates the initial vehicle weight and the

required heat shield weight to variations in Mars aerodynamic braking capability

and the number of clustered nuclear engines in the depart earth stage. The

aerodynamic braking capability is varied by varying the "K" constant in the

shield weight equation

W S Z
= K (0.001385 VAM + 0.183)

WAM

The matrix of modes considered is given below.

MARS AERODYNAMIC BRAKING

MARS STOPOVER MISSION

*Opposition years - 1978, 1982, and 1986

Trajectory type -IIB

Depart earth stage - Nuclear (i to 4 engines)

Cryogenic (LO2/LH 2)

Arrive Mars stage - Aerodynamic

Depart Mars stage - _';:'Nuclear (single engine)

Cryogenic (LO 2/LH 2)

Stor able

Arrive earth stage - Aero

Cryogenic retro to 15 km per sec (LOz/LH3)

Cryogenic retro to parabolic velocity (LO2/LH2)

Storable retro to 15 km per sec

Storable retro to parabolic velocity

*For the years 1978 and 1986, only modes NANA and NANC(15) were analyzed.

'_',"Anuclear engine for the depart Mars stage is used only when a nuclear engine(s)

is used for the depart earth stage.

Section IVA (page IV-4 to IV-94) contains the sensitivity data for variations

in thrust and specific impulse; SectionIVB (page IV-95 to IV-149), for variations

in payload and mission module weights; Section IVC (page IV-150 to IV-168), for

variations in engine weight parameters; Section IVD (page IV-169 to IV-ZZ3), for

variations in tank weight, stopover time, and cryogenic insulation parameters;

Section IVE (page IV-224 to IV-248), for the lunar transfer mission; and Section

IVF (page IV-249 to IV-269), for the aerodynamic braking at Mars mode.

Each of these sections is arranged first by parameter, second by mission

year, and last by earth braking mode.
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IVA. VARIATIONS IN THRUST AND SPECIFIC IMPULSE
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SENSITIVITY STUDY
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IVF. VARIATIONS IN MARS AERODYNAMIC BRAKING CAPABILITY
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V. SUPPLEMENTARY MISSION MATRIX ANALYSIS

In addition to the stopover missions presented in Chapters Ill and IV,

a supplementary matrix of missions was established in order to extend the

breath of the investigations to additional operational mode combinations and

parameter variations. Accordingly, the data presented in this chapter relate

the initial vehicle weight requirements for a stopover mission to variations

in planet destination, mission year, propulsive system types, and aerodynamic

braking modes at Mars and earth. Also varied parametrically throughout

this matrix of cases are the scaling laws used for computing the propellant

tank jettison weights. Other system and performance variations include the

storable propellant specific impulse, arrive Mars engine thrust, and Venus

swingby trajectories.

The basic supplementary mission matrix is shown in the table on page V-Z.

The matrix consists of three separate types of mission; a Mars stopover, a

Mars stopover with an unpowered Venus swingby during the inbound leg, and

a Venus stopover. Each of these missions have been analyzed for the earth

and Mars depart and arrive modes as shown. For the Mars stopover mission,

198Z opposition, both type IB and IIB trajectories were investigated. Also for

the Mars stopover and Venus swingbymissions, a NNC mode was analyzed for

the year 1978 and 1984. In addition to this basic matrix, additional selected

operational modes or parameter perturbations were analyzed in order to

answer specific questions that were posed during the study.

Four additional classes or "levels" of scaling laws were used for this

segment of the study to define the various propellant tank jettison weights or

mass fractions (ratio of total useable propellant to total gross stage weight).

These are designated on the data sheets as mass fraction case numbers 1

through 4. The average mass fractions given by the scaling laws decrease

in an approximate linear fashion with increasing case number. The equations

used for these four sets of scaling laws are given on pages V-3 to V-6 for the

various operational modes or mission phases. Note that the equations and

average mass fractions for nuclear stages do not include the weight of the

nuclear engine.
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MASS FRACTION CASE NO. i

MODE

Earth Depart

Nuclear Propulsion

Cryogenic Propulsion

Midcourse Correction Outbound

Storable Propulsion

Planet Braking

Nuclear Propulsion

Cryogenic Propulsion

Aero Capture Orbit Circularizing

Storable Propulsion

Planet Depart

Nuclear Propulsion

Cryogenic Propulsion

Storable Propulsion

Midcourse Correction Inbound

Storable Propulsion

Earth Braking

Cryogenic Propulsion

Storable Propulsion

EQUATION

W. = .11330 W + 5791
J P

W. = "05056 W + 16,653
J P

W. = .05732 W + 1442
J P

W. = .14674 W + 1410
} P

W. = .07097 W + 9841
J P

W.- .05732 W + 1442
J P

AVERAGE MASS

FRACTION ....

.88

.94

.92

.92

W. = .14674 W + 1410 .87
J P

W. = .07097 W + 9841 .92
3 P

W. = .03121 W + 15,187 .94
3 P

W. = .03310 W + 888
J P

.92

W. = .09255 W + 4282 .79
J P

W. = .05312 W + 3491 .91
J P

Notes:

1.

2.

3.

4.

5.

Includes micrometeoroid protection

Includes insulation for earth depart stages

Does not include insulation for all other stages

Includes engine weight for all non-nuclear stages

Does not include engine weight for all nuclear stages
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MASS FRACTION CASE NO. 2

MODE EQUATION

AVERAGE MASS

FRACTION

Earth Depart

Nuclear Propulsion

Cryogenic Propulsion

Midcourse Correction Outbound

Storable Propulsion

Planet Braking

Nuclear Propulsion

Cryogenic Propulsion

Aero Capture Orbit Circularizing

Storable Propulsion

W. = .16520 W + 6357 . 84
J P

W. = .09622 W + 18,184 .90
J P

W. = .09193 W + 1541
J P

.89

W. = .19088 W + 3198 .83
J P

W. = .13154 W + 11013 . 87
J P

W. = .09193 W + 1541
J P

.89

Planet Depart

Nuclear Propulsion W. = .19088 W + 3198
J P

• = .13154 W + ii,013
Cryogenic Propulsion Wj P

Storable Propulsion W. = .07554 W + 16, 561
J P

Midcourse Correction Inbound

Storable Propulsion W. = .06596 W + 951
J P

Earth Braking

Cryogenic Propulsion W. = .15470 WJ P

Storable Propuls ion W. = .09931 W
J P

+ 4901

+ 3828

.83

.87

• 91

.89

.74

.87

Notes:

i.

2.

Includes micrometeoroid protection

Includes insulation for earth depart stages

3. Does not include insulation for all other stages

4. Includes engine weight for all non-nuclear stages

5. Does not include engine weight for all nuclear stages
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MODE

MASS FRACTION CASE NO. 3

EQUATION

AVERAGE MASS

FRACTION

Earth Depart

Nuclear Propulsion

Cryogenic Propulsion

Midcourse Correction Outbound

Storable Propulsion

Planet Braking

Nuclear Propulsion

Cryogenic Propulsion

Aero Capture Orbit Circularizing

Storable Propulsion

Planet Depart

Nuclear Propulsion

Cryogenic Propulsion

Storable Propulsion

Midcourse Correction Inbound

Storable Propulsion

Earth Braking

Cryogenic Propulsion

Storable Propulsion

W. = . 22208 W + 7010
J P

W. = .14692 W + 19,921
J P

W. = .12888 W + 1652
J P

.8O

•86

.86

W. = .25043 W + 3531 .79
J P

W. = .19937 W + 12, 404 .:82
3 P

W. = .12888 W + 1652
3 P

•86

W. = .25043 W + 3531 . 79
J P

W. = .19937 W + 12, 404 .82
J P

W, = .12385 W + 18,131 . 87
3 P

W. = .10094 W + 1021
J P

• 86

W. = .22422 W + 5668 .69
J P

W. = .14973 W + 4215 .83
J P

Notes:

I.

2.

3.

4.

5.

Includes micrometeoroid protection

Includes insulation for earth depart stages

Does not include insulation for all other stages

Includes engine weight for all non-nuclear stages

Does not include engine weight for all nuclear stages
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MODE

MASS FRACTION CASE NO. 4

E QU AT ION

AVERAGE MASS

FRAC TI ON

Earth Depart

Nucl ear Pr opul sion

Cryogenic Propulsion

Midcourse Correction Outbound

Storable Propulsion

Planet Braking

Nuclear Propulsion

Cryogenic Propulsion

Aero Capture Orbit Circularizing

Storable Propulsion

Planet Depart

Nuclear Propulsion

Cryogenic Propulsion

Storable Propulsion

Midcourse Correction Inbound

Storable Propulsion

Earth Braking

Cryogenic Propulsion

Storable Propulsion

W. = . 28485 W + 7770 . 76
J P

W. = . 20204 W + 21,926 . 82
J P

W. = .16841 W + 1775
J P

.83

W. = • 31626 W + 3917 . 75
J P

W. = .27585 W + 14, 076 . 77
J P

W. = .16841 W + 1775
J P

.83

W. = . 31626 W + 3917 . 75
J P

W. = . 27585 W + 14, 076 .77
J P

W. = .17671 W + 19,934 .83
J P

W. = .13832 W + 1099
J P

.83

W. = . 30224 W + 6640 .64
J P

W. = .20497 W + 4665 . 79
J P

Notes:

I.

2.

3.

4.

5.

Includes micrometeoroid protection

Includes insulation for earth depart stages

Does not include insulation for all other stages

Includes engine weight for all non-nuclear stages

Does not include engine weight for all nuclear stages

V-6



8423-6007-RU000

On some of the subsequent data sheets, data are identified by the letters

"STL" in lieu of a mass fraction case number. For data so identified, the

jettison weight scaling laws given in Chapter II are utilized. Unless otherwise

noted a nuclear engine thrust per engine of 230, 000 ibs is assumed and the

mission criteria presented in Chapter II are used.

The data obtained in these mission evaluations are first presented in

tabular form. Listed are the minimum initial vehicle weights in earth orbit

and the optimum number of nuclear engines in the depart earth stage. The

first nine tables, pages V-10toV-18 contain the results for the Mars stopover

mission in the basic supplementary matrix for the years 1975 to 1990. The

following table on page V-19 is for the 1980 Venus stopover mission. Wherever

an asterisk appears in the tables, no vehicle was computed either because

multistaging was required for one or more of the propulsive velocity changes

or because the optimum trajectory was outside of the tabular trajectory data

available within the computer program.

The tables on pages V-20andV-21 are for Mars stopover missions with

Venus swingbys in the inbound leg. Due to a lack of trajectory data, the re-

sults presented for these missions are not necessarily optimum, i.e. , minimum

initial vehicle weight. The 1978 Venus swingby was computed for the set of

trajectory parameters listed at the top of the table. This fixed trajectory was

selected on the basis of previous analysis which indicated it to be a desirable

trajectory for certain modes and performance constraints. Therefore, these

data should be viewed with the understanding that for some of the modes the

vehicle weight could be substantially reduced if the trajectory parameters

that were optimum for those modes were used.

For the 1984 Venus swingby computations, sets of trajectory data for the

swingby leg were available at ten-day increments for the inbound (or swingby)

leg. For each incremental set of inbound trajectory data, the optimum out-

bound trajectory was determined. Then the set of inbound trajectory data

(with its optimum outbound trajectory data) that produced the minimum initial

vehicle weight in earth orbit was selected as the quasi-optimum trajectory.

V-7
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Therefore, the data listed on page V-Z1 are for trajectories that are probably

within an average of five days of the optimum arrive Mars date. Due to the fact

that for swingby trajectories, the depart Mars and arrive earth velocities

can vary drastically with only a few days change in launch date or trip times,

some of the listed vehicle weights may be considerably greater than the true

minimum.

The last five tables present groups of data that were obtained to determine

the variation of initial vehicle weight for selected modes and conditions to

changes in selected parameters. Group No. i, page V-2Z shows the variation

in vehicle weight as the Mars aerodynamic braking "K" factor is varied for

the CAC mode. Group No. Z, page V-Z3 presents the required vehicle weight

and engine firing times for a vehicle which utilizes two nuclear engines in the

arrive Mars stage. Groups No. 3 and No. 4, pages V-24 and V-25, show the

effect of specific impulse variations for the storable propellants for several

modes. Finally, Group No. 5, page V-Z6, lists the vehicle weight and

maximum nuclear engine firing time for a vehicle that utilizes a 50,000-pound

thrust nuclear engine for departing Mars.

The graphs following these tabular data are plots and crossplots of selected

portions of the tabular data. The first six graphs show the variation of vehicle

weight requirements with mission year for Mars and Venus stopover missions.

The first three of these graphs, pages V-27 to V-29, are for modes NAN,

NNN, CAC, and CCC; the second three of these graphs, pages V-30 and V-3Z,

are for the modes NAC, NAS, NCC, and CAS. Each of the three graphs differ

in earth aerodynamic earth braking capability and mass fration case number 2

is used in all instances.

The following four graphs, pages V-33 to V-36, contrast the vehicle weight

requirements for vehicles using cryogenic (LOz/LH2) or storable propellants

for retro braking at earth. Mass fraction case number Z is again assumed

and modes NNN, NAN, CCC, and CAC are shown in that order.

The next eight bar graphs, pages V-37 to V-44 show the relative vehicle

weight requirements for mass fraction case numbers i, 2, and 3 for the Mars

stopover mission, years 1975 through 1990. Modes NNN, NAN, CCC, and CAC

are presented for both all aerodynamic braking at earth arrival and aerodynamic

braking plus cryogenic retro to 15 km per sec.

V-8
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The following six line graphs, pages V-45 to V-5O, are primarily

crossplots of the previous data, i.e. , the initial vehicle weight presented as

a function of mass fraction case number for the four modes NNN, NAN, CCC,

and CAC. The three years, 1978, 1982, and 1986 are shown for various earth

braking capabilities. In assessing the data given in these graphs, it is

important to note that the average mass fraction for any given stage jettison

weight equation decreases approximately linearly with each succeeding mass

fraction case number.

The last two graphs, pages V-51 and V-52, show the variation of initial

vehicle weight to changes in the storable propellant specific impulse (Group

Numbers 3 and 4 of the tabular data}. The data are plotted for the years 1978

and 1982 and aerodynamic plus storable retro earth braking to 15 km per sec.
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RETRO TO PARABOLIC A
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MASS FRACTION NUMBER
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MARS OPPOSITION YEAR 1978

MASS FRACTION NO. 2

DEPART EARTH ARRIVE MARS DEPART MARS
A

B
C
D NUCLEAR NUCLEAR

E NUCLEAR AERO

CRYOGENIC CRYOGENIC CRYOGENIC
CRYOGENIC AERO STORABLE

CRYOGENIC AERO

F NUCLEAR AERO

CRYOGENIC
NUCLEAR
STORABLE
NUCLEAR

ARRIVE EARTH - AERO PLUS STORABLE
RETRO TO i5 KM/SEC
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4 _E

-F

330 360 390

STORABLE PROPELLANT Isp (SEC)
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MARS OPPOSITION YEAR 1982

MASS FRACTION NO. 2

DEPART EARTH
CRYOGENIC

ARRIVE MARS
CRYOGENIC

DEPART MARS
CRYOGENIC

CRYOGENIC AERO STORABLE
CRYOGENIC AERO CRYOGENIC'
NUCLEAR NUCLEAR NUCLEAR
NUCLEAR AERO
NUCLEAR AERO

STORABLE
NU CLEAR

ARRIVE EARTH - AERO PLUS STORABLE
RETRO TO 15 KM/SEC
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33O 360

STORABLE PROPELLANT Isp (SEC)

390
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